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a  b  s  t  r  a  c  t
Coke  deposition  pathways  have  been  studied  during  the ﬂuid  catalytic  cracking  of bio-oil,  vacuum  gasoil
(VGO) and  a blend  of  the  previous  two  (80  wt%  VGO  and  20 wt%  bio-oil),  under  realistic  riser  conditions  of
the  ﬂuid  catalytic  cracking  (FCC)  unit,  using  a  commercial  catalyst  at 500 ◦C and  contact  times  of  1.5–10 s.
Amount  and composition  of soluble  and  insoluble  coke  in  dichloromethane  have  been  analyzed  using
a  set  of techniques  (TPO,  FTIR, 13C  NMR, XPS,  Raman,  GC–MS  and  MALDI-TOF  MS, among  others).  The
relationship  of  coke  deposition  with  its composition  and the  reaction  medium  has  allowed  us  to  set  two
pathways  of coke  formation:  (i)  heavy  hydrocarbon  pathway  tend  to form  ordered  polycondensed  aro-
matic  nanostructures;  whereas  (ii)  oxygenate  pathway  tend to form  a lighter  fraction  of  coke  containingio-oil
luid catalytic cracking
oke deactivation
Y zeolite
oxygen,  less  ordered  and  more  aliphatic  coke.  A  synergy  between  the  two pathways  have  been  veriﬁed
due  to the lower  coke  deposition  of the blend  compared  to  the  individual  components,  and  this  has  been
explained  in  terms  of (i) attenuation  of the heavy  hydrocarbon  pathway  caused  by the  steam  contained
or  originated  from  the  bio-oil,  and (ii) the  hydride  transfer  from  hydrocarbons  to  the  precursors  of  the
oxygenate  pathway.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
The increasing energy demand and restrictive environmental
olicies are contributing to the technological development of alter-
ative routes of lignocellulosic biomass valorization, decreasing the
ependency of fossil sources like natural gas, charcoal, shale or
rude [1]. Bio-reﬁnery concept pretend to use existing, revamped or
ew infrastructure of the reﬁnery for producing at industrial scale
latform chemicals and fuels from the products derived of several
alorization routes of biomass: (i) fermentation, (ii) gasiﬁcation,
nd (iii) ﬂash pyrolysis, which respective intended products are bio-
thanol, synthesis gas and bio-oil (liquid product from pyrolysis).
he selective production of bio-oil by ﬂash pyrolysis has attracted
 deep commercial and research interest [2–5], due to its features:
ow environmental impact, possibility of scale-up, and possibil-
ty of delocalizing pyrolysis units close to collection points, with
 subsequent transport of the bio-oil to the reﬁnery for large scale
alorization [6].
Raw bio-oil [7–10] is a complex mixture of water (15–50 wt%)
nd oxygenates, and among them hydroxyl-aldehydes, hydroxyl-
∗ Corresponding author.
E-mail address: pedro.castano@ehu.es (P. Castan˜o).
ttp://dx.doi.org/10.1016/j.apcatb.2015.09.044
926-3373/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
acetones, sugars, carboxylic acids and phenols. Moreover, raw
bio-oil has a relatively low heating value (16–19 MJ  kg−1), low
volatility, thermal and chemically unstable, corrosive (pH≈2–4 due
to carboxylic acids) and highly viscous (10–100 cP at 40 ◦C). The
main routes of raw bio-oil valorization are: (i) component extrac-
tion, (ii) use as a fuel or fuel-blending in combustion engines, (iii)
steam reforming to produce H2, (iv) catalytic transformation trough
cracking or hydrodeoxygenation. Among them, catalytic cracking
is peculiarly viable in terms of versatility, possibility of scaling up
and value of the products obtained. In this sense, the ﬂuid catalytic
cracking (FCC) unit shows enhanced prospects for bio-oil upgrad-
ing due to the fact that has been designed for treating complex and
heavy feeds [11].
Several works in literature have pointed to the high conversion
of raw bio-oil in FCC conditions [12–15], together with a strong
synergism between the cracking of hydrocarbons and oxygenates,
affecting the composition and quality of products [16,17]. Indeed,
the co-feeding of raw bio-oil with the standard feedstock of the FCC
shows several uncertainties applied to the required modiﬁcations
of the FCC unit: catalyst-oil contact times, design modiﬁcations,
process conditions and catalyst deactivation. Coke deposition takes
a key role in the energy and mass balance of the FCC unit that
operates with a regenerator section, providing heat by coke com-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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Table 1
Composition of the raw bio-oil (RBO).
Elemental composition (wt%)
C 29.4
H  8.5
S  0.4
O  61.7
Water content (wt%) 46.0
Composition in dry basis (wt%)
Acetic acid 15.5
Other acids and esters 6.2
Hydroxy-acetaldehyde 7.8
Other aldehydes 11.6
1-Hydroxy-2-propanone 6.5
Ketones 9.8
Phenols 5.1
Alcohols 9.7
Ethers 2.8
Levoglucosan 21.6
Others 2.5
Non  identiﬁed 0.9
Simulated distillation (◦C), D2887
Initial boiling point 35
5  wt% 55
25  wt%  74
50  wt% 154
90 wt% 263
Final  boiling point 335
Table 2
Composition of the vacuum gas oil (VGO).
Density (g cm−3) 0.918
Average molecular weight (g mol−1) 370.3
Elemental composition (wt%)
C 85.4
H  11.8
S  2.8
O  –
Composition (wt%)
Aliphatics 47.2
Aromatics 43.1
Sulfur compounds 9.7
Simulated distillation (◦C), D2887
Initial boiling point 184
5  wt% 367
25  wt%  432
50  wt% 474Á. Ibarra et al. / Applied Catalysis
ustion to the endothermic cracking reactions and also (in the same
ombustion) wasting carbon to produce CO2.
Coke deposition has attracted great interest in the studies of
io-oil cracking [18–20], particularly using an HZSM-5 zeolite cat-
lyst and different fractions of bio-oil or thermally-catalytically
reated bio-oil. These treatments aim to remove the fraction of
io-oil that more easily condensates toward bio-char or thermal
yrolytic lignin, which at the same time has its own valoriza-
ion routes [21]. Previous studies indicate that there are three
mportant parameters, sometimes correlated, affecting the coke
eposition and the corresponding catalyst deactivation [22,23]: (i)
atalyst features, mainly the pore network topology, zeolite size
nd acidity; (ii) process conditions, largely inﬂuenced by temper-
ture; and (iii) reactor medium, in terms of the presence of steam
nd certain oxygenates. Steam has a double inﬂuence for coke
uppression: neutralizing the strongest acid sites (responsible of
ertain condensation reactions of coke precursors) and stripping
oke precursors from the catalyst [24]. On the other hand, sev-
ral studies point that there are two pathways of coke formation in
he co-processing of hydrocarbons and oxygenates: the oxygenate
athway, forming polyphenols residue with more aliphatic and
xygenated nature [19,20] from aldol condensation [25]; and the
ydrocarbon pathway, forming polycondensed aromatic structures
n consecutive steps (commonly abbreviated as condensation) of
lkylation, dehydrogenation and cyclation. Several studies on the
racking of bio-oils in ﬁxed bed reactors support these pathways
26–28].
Attending to these considerations, in this work we have deepen
n the effect of co-feeding bio-oil with vacuum gasoil on the
echanisms of coke formation over the catalyst in realistic FCC
onditions. To this aim, ﬂuid catalytic runs were performed using
n equilibrated commercial catalyst in a riser simulator reactor
argeting short contact times (1.5–3 s) and analyzing product dis-
ribution. The catalyst degradation and coke nature were analyzed
nd correlated with process conditions, composition of the reactor
edium and catalytic features to obtain a picture of the deacti-
ation pathways. The degradation of the catalysts was assessed
omparing the properties of the fresh and spent samples. The
omposition of coke was obtained using a set of different spectro-
copic and thermogravimetrical techniques on the spent catalyst,
he soluble or insoluble coke in dichloromethane: thermogravi-
etrical temperature programmed oxidation (TG-TPO), Fourier
ransformed infrared (FTIR) spectroscopy, 13C coupled polarized
agic angle spinning nuclear magnetic resonance (CP-MAS NMR),
-ray photo spectroscopy (XPS), Raman spectroscopy, gas chro-
atography with mass spectrometry detector (GC–MS) and matrix
ssisted laser desorption ionization time of ﬂight mass spectrome-
ry (MALDI-TOF MS).
. Experimental
.1. Feed properties
Three feeds have been used: vacuum gasoil (VGO), raw bio-
il (RBO) and the mixture of VGO (80 wt%) with bio-oil (20 wt%),
amed MIX. The RBO has been obtained by fast pyrolysis of black
oplar sawdust at 440–450 ◦C in a N2 stream, using a pilot plant
rovided with a conical spouted bed reactor [29]. The feeds have
een characterized by simulated distillation (following the norm
STM D2887 in an Agilent 6890 Series GC System with a column
imdis D2887 Fast/Ext.) and elemental analysis (LECO TruSpec CHN
acro). The concentrations of the component families in the RBO
ave been determined by GC–MS (Shimadzu GC–MS QP2010, BPX5
olumn of 50 m × 0.22 mm × 0.25 m).  The water content was mea-
ured by Karl-Fisher method (Metrohm 830KF Titrino plus). The90  wt% 533
Final  boiling point 614
properties of the feeds are detailed in the Tables 1 and 2 for the
RBO and VGO, respectively.
2.2. Catalyst characterization
An equilibrated industrial FCC catalyst containing 15 wt% HY
zeolite has been used. The physical properties and porous structure
have been determined by N2 adsorption–desorption (Micromerit-
ics ASAP 2010) and the crystal structure by X-ray diffraction using
the sample as a powder (Phillips PW1710, using a radiation of
Cu K). The acidity and acid strength have been obtained by the
isothermal adsorption of NH3 at 150 ◦C. Subsequently, temperature
programmed desorption (TPD) of absorbed NH3 has been carried
out following a ramp of 5 ◦C min−1 up to 550 ◦C (thermobalance, TA
Instruments SDT 2960, online with a mass spectrometer, MS  Ther-
mostar Balzers Instruments). The Brönsted/Lewis ratio has been
determined by FTIR spectrophotometry with pyridine adsorbed
(Thermo Nicolet 6700). Table 3 summarizes the main catalyst prop-
erties.
338 Á. Ibarra et al. / Applied Catalysis B: Env
Table 3
Properties of the commercial equilibrated catalyst.
Physical properties
SBET (m2 g−1) 122
Vp (cm3 g−1) 0.15
dp (Å) 117.3
Unit cell size (Å) 24.3
Acid properties
Zeolite percentage (wt%) 15
Total acidity (mol g−1) 30
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cAverage acid strength (kJ mol−1) 100
Brönsted/Lewis (mol mol−1) 0.75
.3. Reaction equipment and product analysis
The reaction runs have been carried out in a riser simulator
eactor described before [30]: This is an internal recycle reactor
here the catalyst is ﬂuidized continuously (during the reaction
un) with an internal impeller for thrusting the gas (feed and prod-
cts) throughout the catalyst bed. The riser simulator is ideal for
imulating the conditions employed in the industrial FCC units,
articularly in terms of reaction time and ﬂuidization. The reac-
ions were performed at 500 ◦C; time, 1.5–10 s; catalyst/feed mass
atio in dry base, 6 gcat (gfeed)−1 for the VGO and MIX  cracking and
.6 gcat (gfeed)−1 for the RBO cracking. The product stream has been
nalysed after the required time, by gas chromatography (Agilent
echnologies 7890 A, with FID and PFPD detectors) and by gas micro
hromatography (Varian CP-4900) to quantify CO and CO2). The
roducts have been grouped according to the typical FCC proce-
ure accounting the existence of extra products coming from the
resence of oxygenate fraction: CO, CO2, dry gases (C1–C2), lique-
ed petroleum gases (LPG, C3–C4), gasoline (C5–C12), light cycle oil
LCO, C13–C20), heavy cycle oil (HCO, C20+) and coke. The amount of
oke has been determined using the mass loss of spent catalyst after
ombustion in a thermobalance (TGA-Q 5000 TA Instruments) by
ollowing a heating rate of 3 ◦C min−1 from 300 ◦C up to 550 ◦C. The
onversion of the VGO, RBO or the MIX  has been obtained by the
um of dry gas, LPG, gasoline and coke, which is a standard criteria
n FCC units:
 = Ydrygas + YLPG + Ygasoline + Ycoke (1)
here the yields of each lump (Yi) have been deﬁned as the weight
roduced of this speciﬁc lump (mi) divided by the weight of the
eed in dry basis (m − mwater):
i = mi(m − mwater)−1 × 100 (2)
.4. Coke characterization
The spent catalysts have been analysed using a set of techniques
lready used in previous studies to discern composition and loca-
ion of the coke derived from the reactions involved [19,20].
Temperature programmed oxidation (TPO) was  followed by
TIR spectroscopy (Thermo Nicolet 6700) in a catalytic transmis-
ion cell (Specac HPHT) and with on-line gas analysis using a mass
pectrometer (MS, Pfeiffer Vacuum GSD 320 O2) to follow the
O2 produced during the combustion (m/z = 44 uma). The pelletized
ample was set to vacuum conditions at 100 ◦C to desorb water and
emove impurities. Then, 50 mL  min−1 are allowed to pass through
he catalytic chamber, a background spectrum is performed and
ubsequent temperature rising up to 450 ◦C at 5 ◦C min−1, keeping
his ﬁnal temperature for 60 min  and recording throughout the TPO
he FTIR and MS  spectra.
The spent catalysts were analyzed by 13C CP-MAS NMR, using
 probe of 7 mm and rotating it at 10 kHz. The pulse sequence was
arried out in a Bruker DXR 400 WB  PLUS 9.40T, using a frequencyironmental 182 (2016) 336–346
of 79.5 MHz  and spectral width of 30 kHz. The data acquisition and
processing was performed with the TOPSPIN 1.3 (Bruker) software.
Raman spectroscopy has been performed in a Renishaw confocal
microscope using a laser excitation source of 514 nm,  subtracting
the ﬂuorescence effect of the deactivating species.
The spent catalysts were subjected to HF (Merck, 40 wt%
in water) in order to obtain a soluble (S) coke fraction in
dichloromethane (CH2Cl2, Panreac, 98 % purity) and an insoluble
(I) coke fraction. The method involves grinding 100–400 mg  of the
spent catalyst, digesting in HF and extracting S coke using CH2Cl2.
S coke has been analyzed using a GC–MS (Shimadzu QP2010) and
I coke fraction was  analyzed by Raman, XPS and MALDI-TOF MS
techniques as discussed below.
XPS was performed in a SPECS system equipped with a Phoibos
analyzer 150 1D-DLD and source of Al K monochromatic radiation.
MALDI-TOF MS  measurements were performed on a Bruker Aut-
oﬂex Speed instrument (Bruker, Germany) equipped with a 355 nm
Nd:YAG laser. All spectra were acquired in the positive-ion reﬂec-
tron mode (accelerating voltage 20 kV, pressure 5 × 10−6 mbar).
Each sample was  dissolved in THF at 10 g L−1, prepared according to
the “dry droplet” method using two  different types of sample tar-
gets: polished steel and PACTM II (Pre-spotted AnchorChip), which
is a pre-spotted -cyano-4-hydroxy cinnamic acid (HCCA) matrix.
For the ﬁrst case, Dithranol was  used such as MALDI matrix dis-
solved at concentration of 20 g L−1 in THF [31]. The matrix and
sample solutions were premixed in the ratio 1:1.
3. Results
3.1. Coke selectivity
Fig. 1 shows the results of the conversion evolution with reaction
time in the cracking of the three feeds (VGO, RBO and MIX) (Fig. 1a)
and the selectivity of coke of the same data points according to the
observed conversion (Fig. 1b). Coke selectivity has been calculated
from the yields (quantiﬁed using TG-TPO results) and the feed con-
version. In Fig. 1b different lines have been drawn corresponding
to particular yields of coke. Fig. 1a shows that conversion of RBO
is higher than that of VGO, and that the conversion of the MIX is
higher than that predicted by the weighted arithmetic mean of the
corresponding RBO and VGO. These results are attributed to the
synergetic effect between the RBO and VGO conversions on zeo-
lites, which have been explained in the literature according to two
phenomena: (i) hydride transfer from hydrocarbons to oxygenates
[27,32–34], and (ii) competitive adsorption of the hydrocarbons
and oxygenates, stronger for the ﬁrst ones, by the acid sites of the
catalyst [35,36]. Interestingly, at contact times of about 1.5 s the
conversion is already reaching the value of steady state, reached
after 3 s (Fig. 1a), being coke an almost primary product and whose
selectivity decreases for higher conversion values and contact times
(Fig. 1b). The MIX  blend has the lowest coke selectivity among the
feeds employed, which can be attributed to two  combined effects:
(i) the attenuating effect of steam contained in the bio-oil on the
coke formation from the hydrocarbons of VGO [37], (ii) the hydride
transfer from parafﬁnic compounds in VGO to oxygenates in bio-
oil [38,39] enabling a lower deposition of coke. On the other hand,
RBO cracking has the highest selectivity of coke although with the
highest ﬁnal conversion, indicating that coke deposited does not
affect acid sites as much as the coke deposited on the cracking of
VGO.
Fig. 2a shows the effect of coke deposition on the product dis-
tribution of the cracking of the three feeds, for a reaction time of
6 s. The product distribution within the gasoline fraction (Fig. 2b)
shows that the cracking of VGO yields a product rich in aromat-
ics, oleﬁns, i-parafﬁns, naphthenics and n-parafﬁns. The cracking
Á. Ibarra et al. / Applied Catalysis B: Environmental 182 (2016) 336–346 339
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Table 4
Properties of the fresh and spent catalyst used in the cracking of the feeds.
Catalyst SBET (m2 g−1) Vmp (cm3 g−1) Vp (cm3 g−1)
Fresh 122 0.042 0.154
Spent (VGO, 1.5 s) 93 0.029 0.184
Spent (VGO, 3 s) 79 0.025 0.141
Spent (MIX, 1.5 s) 91 0.029 0.177
Spent (MIX, 3 s) 85 0.027 0.175
Spent (RBO, 1.5 s) 82 0.024 0.187
Spent (RBO, 3 s) 80 0.025 0.173
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)ua(
ytisnetnifo
noitcarF
FTIR b and (cm-1)
VGO
MIX
RBOFig. 3. Fraction of FTIR intensity bands associated with the coke deposited on the
catalyst used in the cracking of the feeds at 6 s.
of MIX  produces intermediate yields of products but signiﬁcantly
lower yields of oxygenates in gasoline and CO + CO2 than the values
predicted from the composition of MIX  (20 wt%  of RBO). This result
indicates the hydride transfer from hydrocarbons to oxygenates,
which favors the deoxygenation by formation of H2O compared
with the decarbonylation and decarboxylation reactions. Moreover,
the lower coke deposition favors a higher yield of hydrocarbons in
gasoline, with higher yields of naphthenics, n-parafﬁns and oleﬁns
compared to the one obtained with the individual components of
MIX.
3.2. Catalyst deterioration
Table 4 summarizes the properties of the fresh and spent
catalysts under different reaction times and feeds. Pores are con-
siderably blocked due to coke deposition, particularly micropores.
After 3 s, BET surface area decreases 35.2, 30.3 and 34.3% for the
VGO, MIX  and RBO spent catalysts, respectively. Once more, this
observation proved that the coke deposited on the cracking of
RBO induced less deterioration to the catalyst even considering the
much higher yield of coke, than that of the cracking of VGO. The
deterioration of the surface properties is very signiﬁcant for con-
tact times as low as 1.5 s in terms of BET surface area and micropore
volume, with average drops of 25.4 and 31.0%, respectively.
3.3. Properties of the coke
3.3.1. FTIR spectroscopy
Fig. 3 shows the FTIR band intensities associated to the followingcoke functionalities [40,41]: 1100 cm−1, aliphatic ethers or car-
boxylic acids; 1580 cm−1, condensed aromatics also known as coke
band; 1610 cm−1, dienes and conjugated double bounds in coke;
2930 cm−1, linear CH2 and branched CH aliphatics; 2960 cm−1,
340 Á. Ibarra et al. / Applied Catalysis B: Env
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cig. 4. TPO-MS and TPO-FTIR proﬁles of the coke deposited on the catalyst used in
he cracking of the feeds: VGO (a), MIX  (b) and RBO (c).
erminal CH3 aliphatics. The 1100 cm−1 band could not be univo-
ally associated with aliphatic ethers or carboxylic acids but seems
 plausible association. Coke deposited on the VGO spent catalyst
ontains more condensed aromatics and dienes, whereas that on
he RBO spent catalyst contains more aliphatics and oxygenates.
oke deposited on the MIX  spent catalyst has intermediate compo-
ition between that of VGO and RBO spent catalysts.
.3.2. TPO-FTIR/MS analysis
Fig. 4 shows the TPO proﬁles of the coke deposited on the spent
atalysts using two techniques: CO2 mass spectrometry (MS) sig-
al in the upper part and FTIR spectroscopy in the lower part of
ach axis. The MS  proﬁles are qualitatively similar for the three
eeds, with two  combustion peaks, at 300 and 500 ◦C. According to
he change of the FTIR bands, the ﬁrst combustion peak at 300 ◦C
oincides with the removal of aliphatics and with the initiation ofironmental 182 (2016) 336–346
aromatic and diene combustion, thus associating this peak with
hydrogenated coke with relatively high H/C ratio, or with a low-
developed coke placed in the exterior of the microporous crystals of
the catalyst [42]. On the other hand, the combustion peak at 500 ◦C
is related with the combustion of high-developed coke consisting
both in condensed aromatics and dienes, originated in the micro-
pores of the catalyst but developed outside (assumable due to its
high condensation) with the occurrence of reactions as cyclations,
aromatizations, and condensations that are catalyzed by internal
or external acidity [23].
The coke deposited on the VGO spent catalyst (Fig. 4a) contains
higher proportion of the second combustion peak at 500 ◦C, and
more intense aromatic and diene bands. On the other hand, the
coke deposited on the RBO spent cracking (Fig. 4c) contains higher
fraction of the ﬁrst combustion peak at 300 ◦C. These results are
in line with the previous FTIR proﬁles shown in Fig. 4 and oth-
ers shown in the literature [22,43], that demonstrate the graphitic
nature of coke deposited upon the FCC operation, favored by the
harsh conditions used in the unit and the relatively high molecular
weight of the feedstock (VGO) with condensed aromatics already
present in the composition. The deposited coke on the RBO spent
catalyst (Fig. 4c) is more heterogenic by means of a signiﬁcant con-
centration of aliphatics, oxygenates, polyaromatics and dienes, and
broader combustion FTIR and MS  peaks. This result coincides with
these published before in the transformation of bio-oil to oleﬁns
using HZSM-5 zeolite catalyst [19,20], where the ﬁrst combustion
band is associated with the presence of coke with a thermal ori-
gin, from the polymerization of polyphenols [21], associated with
amorphous and oxygenated coke having a lower apparent activa-
tion energy of combustion. Besides, the second peak combustion
occurs at lower temperatures for the spent RBO catalyst compared
to that of VGO spent catalyst, indicating the lower condensation of
the former and the possible presence of oxygen within the struc-
ture.
The coke deposited on the MIX  spent catalyst has a proﬁle mid-
way between the VGO and RBO, with an important contribution of
the ﬁrst combustion peak. Moreover, the temperature of the second
combustion peak is 2 ◦C lower than that of the coke corresponding
to VGO spent catalyst, what has been previously proved by Gueudré
et al. [28]. The FTIR results presented in Fig. 4 demonstrate that the
combustion of coke occurs with two parallel mechanisms: (i) selec-
tive combustion of the components of heterogeneous coke, with
parallel (ii) degradation or aging of coke suffering dehydrogenation
[44,45], and observed by the aliphatic behavior at temperatures
lower than 250 ◦C, with negligible CO2 formation, degradation of
the aliphatic bands (2930 and 2960 cm−1) and formation of the
aromatic band (1580 cm−1).
3.3.3. 13CP-MAS NMR spectroscopy
13C CP-MAS NMR  spectra of spent catalysts are shown in Fig. 5.
For the three feeds, two  main bands are observed [46]; at 129 ppm
assigned to aromatic C-nuclei, and a second one at ca. 20 ppm
assigned to aliphatic terminal C-nuclei (CH3). Moreover, two addi-
tional shoulders are observed at 141 and 29 ppm corresponding to
condensed aromatic structures and linear (CH2) or branched (CH)
aliphatics. Attending to the ratio of aromatic:aliphatic it can be con-
cluded that independently of the feed used, coke has a signiﬁcant
aromatic nature.
3.3.4. Raman spectroscopy
Fig. 6 shows the Raman spectra of the spent catalyst used in the
cracking of the VGO, MIX  or RBO. The spectra have been decon-
voluted into 5 bands with the following average Raman shift and
assignments [40,47,48]: 1213 cm−1, C–H band assigned to aliphatic
bounds; 1383 cm−1, D band assigned to aromatic structures poorly
structured or disordered, 1496 cm−1, D3 band assigned to structural
Á. Ibarra et al. / Applied Catalysis B: Env
Fig. 5. 13C CP-MAS NMR  spectra of the coke deposited on the spent catalyst used in
the  cracking of the feeds at 6 s.
Table 5
Intensities of the Raman bands corresponding to the coke deposited on different
spent catalysts used in the cracking of the feeds.
Feed C–H D D3 G D2 D/G w:h  (G)
VGO 0.133 0.313 0.008 0.359 0.186 0.872 0.119
MIX  0.143 0.366 0.069 0.271 0.151 1.352 0.234
RBO  0.170 0.369 0.097 0.246 0.118 1.499 0.243
Fig. 6. Raman spectra of the coke deposited on the spent catalyst used in the cracking
o
d
b
a
t
if  the feeds at 6 s.
efects of aromatic domains with poor organization; 1590 cm−1, G
and assigned to more developed or structured aromatic clusters;
nd 1613–cm−1, D2 band which is also D echo band. The results of
he 5 bands deconvolution of the Raman spectra are summarized
n Table 5, together with the D/G ratio and the width to height ratioironmental 182 (2016) 336–346 341
(w:h) of the G band. The fractions of C–H, D and D3 bands increase
with the proportion of RBO fed to the reactor, whereas the frac-
tions of G and D2 bands have an opposing trend. Thus, indicating
the higher ordering and lower amount of distortions and aliphatics
in the coke deposited in the cracking of VGO as compared to that of
RBO. The size of coke clusters is inversely related with the w:h ratio
[49] so that this size value is higher for the coke deposited on the
VGO spent catalyst than that on the RBO spent catalyst. Besides, the
D/G ratio values have the same trend pointing in the same higher
ordering and size of coke clusters deposited during the cracking of
VGO.
The combined results presented so far demonstrate that the
coke deposited on the VGO spent catalyst has more aromatic and
less oxygenated-aliphatic nature, with a relatively bigger and more
ordered coke clusters, as compared with the coke deposited on the
RBO spent catalyst. Moreover, the experimental conditions, simi-
lar to those of the FCC unit (with temperatures of about 500 ◦C in
a transport bed with high velocity of gases), facilitate the decar-
boxylation, decarbonylation and dehydrogenation, homogenizing
the composition of coke towards more condensed aromatic struc-
tures. To understand better the composition of coke and its impact
on deactivation, we  have extracted the soluble coke from the spent
catalysts, analyzing the composition of soluble and insoluble coke
separately.
3.4. Composition of soluble coke
The extraction of coke is a well known procedure to remove
the catalyst structure (zeolite and matrix) in order to obtain a frac-
tion soluble in CH2Cl2 known as S coke and a precipitated organic
fraction known as I coke [50]. In FCC conditions, the S coke can
be considered as trapped within the microporous structure of the
spent catalyst, whereas the I coke (constituted by polyaromatics)
is deposited within the matrix, having meso and macropores, of
the catalytic particles [22]. Table 6 summarizes the content of the
most important components of the S coke deposited on the VGO,
MIX  or RBO spent catalysts. These fractions have been grouped into
the following families: A1–4, aromatics of 1 up to 4 rings; O, linear
oxygenates; and O1–2, oxygenates with 1 up to 2 aromatic, naph-
thenic or oxo-naphthenic ring. There is a signiﬁcant difference in
the amount of S and I coke deposited on the spent catalysts, with
much higher content of S coke for the RBO spent catalyst and with
higher content of I coke for the VGO spent catalyst, being the MIX
spent catalyst midway between the two. The relatively light com-
position of coke (corresponding to a lower I/S ratio) deposited on
the RBO spent catalyst offers good perspectives for being elimi-
nated with the steam on the stripping of the FCC unit. Table 6 also
shows signiﬁcant differences within the composition of S coke for
the different feeds: VGO promotes the existence of aromatics in the
S coke, particularly methylnaphthalenes (A2), whereas for the RBO a
bimodal distribution is observed with a hydrocarbon pool (28 wt%)
with relatively heavier fractions of these of S coke deposited on
VGO spent catalyst and an additional oxygenate pool (72 wt%) with
mainly O1 molecules. Once more, MIX  spent catalyst shows halfway
composition of its S coke between these of VGO and RBO spent
catalysts.
Interestingly, the total amount of coke deposited on the MIX
spent catalyst is lower than that of the separated components of
the mixture, what coincides with the lowest deterioration of the
catalyst properties shown in Table 4 (after 3 s). This attenuation
occurs mainly on the I coke content side. Considering the facts that
VGO promotes the I coke deposition whereas RBO facilitates the
deposition of S coke one, a logical interpretation is that the steam
present in RBO (not present in the VGO) inhibits the deposition of
the I coke from the VGO fraction.
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Table 6
Content of total, soluble (S) and insoluble (I) coke deposited on the spent catalysts used in the cracking of the feeds. A1, one ring aromatics. A2, two ring aromatics. A3, three
ring  aromatics. A4, four ring aromatics. O, alkyl oxygenates. O1, one ring oxygenates. O2, two ring oxygenates of the S coke.
VGO MIX  RBO Main components
Coke (wt%) 0.91 0.70 1.12
S  coke (wt%) 0.14 0.18 0.58
I  coke (wt%) 0.77 0.52 0.54
I/S  ratio 5.50 2.89 0.93
A1 (wt%) 17 14 0
A2 (wt%) 76 37 16
A3 (wt%) 7 7 7
A4 (wt%) 0 3 5
O (wt%) 0 18 25
O1 (wt%) 0 17 38
O2 (wt%) 0 4 9
Table 7
Intensities of the Raman bands corresponding to the insoluble coke deposited on
different spent catalysts used in the cracking of the feeds.
Feed C–H D D3 G D2 D/G w:h (G)
VGO 0.163 0.381 0.057 0.181 0.218 2.100 0.155
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(MIX  0.145 0.395 0.035 0.178 0.246 2.216 0.158
RBO 0.202 0.405 0.140 0.147 0.250 2.737 0.219
.5. Composition of insoluble coke
I coke is associated to more developed or graphitic type of
arbonaceous residue, whose location lays on the meso and macro-
ores of the FCC catalytic matrix. In this sense, we  have analyzed I
oke by means of combined Raman, XPS spectroscopies and MALDI-
OF spectrometry.
.5.1. Raman spectroscopy
Fig. 7 shows the Raman spectra of the I coke deposited on the
pent catalysts and the deconvolutions in different bands, which
ave been summarized in Table 7. In this case, the same bands
bserved for the total coke in Fig. 6 appear at different average
aman shift values: 1251 cm−1, C–H band; 1374 cm−1, D band,
493 cm−1, D3 band; 1577 cm−1, G band; and 1613 cm−1, D2 band.
hese changes indicate that with the exception of the C–H band,
or the I coke all the bands move towards lower Raman shift val-
es. This observation, together with the higher values of D/G ratio
Tables 5 and 7), is an indication that I coke is more developed
Fig. 7. Raman spectra of the insoluble coke deposited on the spent catalyst used in
the cracking of the feeds at 6 s.
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Fig. 9. MALDI-TOF spectra of the insoluble coke deposited on the spent catalyst used
in  the cracking of the feeds at 6 s.
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racking of the feeds at 6 s.
r ordered. Besides, Table 7 shows that the bands for the I coke
eposited during the cracking of VGO corresponds to a higher
rdering and lower amount of distortions and aliphatics than that
f the I coke deposited during the cracking of RBO.
.5.2. XPS spectroscopy
XPS spectra displayed on Fig. 8 show the C band of the I coke cor-
esponding to the different feeds. All spectra show a more intense
and at 284.6 eV assigned to C bounded with other C or H. The two
houlders appearing for the I coke deposited on the RBO spent cat-
lyst at 287.0 and 289.5 eV correspond to C bounded with O [21],
ndicating that oxygen takes place in the composition of this I coke
ut does not in that of the MIX  spent catalyst. In other words, I
oke deposited on the MIX  spent catalyst is closer to that on the
GO spent catalyst in terms of composition.
.5.3. MALDI-TOF mass spectrometry
MALDI spectra of the I coke using dithranol, such as matrix, is
hown in Fig. 9. These spectra represent the crackdown pattern of
he I coke deposited on the spent catalysts. I coke deposited on
he RBO spent catalyst shows a narrower mass distribution, cen-
ered in weights of about 602 uma, whereas the proﬁles of I coke
eposited on the MIX  and VGO stent catalysts are relatively simi-
ar among them; having a maxima at lower weights (575 uma) but
 distribution moved towards higher values of weight. Fig. 10 in
he supporting information shows the distribution of weights of
he I coke, summing the counts in 18 intervals for better visual-
zation. Indeed, the I coke deposited on the MIX  and VGO spent
atalyst are centered in 760 uma. These values of the mean I
oke weights are relatively larger than, for example, that of coke
eposited on the ethanol cracking at 350 ◦C [51], or on a FCC indus-
rial spent catalyst (after the stripper and with steam present in
he riser) [43] and much larger compared to the one deposited on
he isobutene/butene alkylation at 130 ◦C [52]. On the other hand,
hese values are comparable to these obtained with coke deposited
n the cracking of n-butene at 500 ◦C [31].
Fig. 11 shows a detailed crackdown pattern in the range
60–640 uma  for characterizing better the area surrounding the
aximum count values. I coke deposited on the RBO spent catalyst
hows a higher proportion of fractions divided by 1 uma  (visualized
ike more noise) accounting a more hydrogenated nature of thisFig. 10. Normalized distribution of the MALDI-TOF mass proﬁles.
coke, in agreement with these of FTIR spectroscopy for the total
coke shown in Fig. 3. On the other hand, I coke deposited on the
VGO spent catalyst is much less hydrogenated and shows much
clear patterns divided by 14 uma  (arrows in Fig. 11) correspond-
ing to CH2 aliphatic groups attached to aromatics (likewise in the
MIX  spent catalyst) [51]. The possible inclusion of oxygen within
the I coke deposited on the RBO spent catalyst (as demonstrated in
Fig. 8) and possible traces in that deposited on the MIX  spent pre-
vented us from proposing structures from I coke, as other authors
have proposed for lighter coke without oxygen [51]. Nonetheless
and as for give an idea of possible structures comprised in the I
coke deposited on the spent catalyst, Fig. 12 shows some of these
tentative structures.
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. Discussion
The results shown here point to the existence of two signif-
cantly different pathways of deactivation during the cracking
f heavy hydrocarbons (as VGO) and oxygenates (as RBO). Coke
eposited on the cracking of VGO is highly condensed, graphitic,
ainly insoluble in CH2Cl2 and with a very high content of
olyaromatics, in agreement with previous observations [22]. Pol-
aromatics are refractory molecules trapped within the meso and
acropores of the catalytic matrix, blocking the accessibility to the
cid sites, and developing towards higher condensation. The origin
f the heavy aromatic coke formed during the cracking of VGO is
n additive coke (or Conradson carbon) [22], deposited from the
eavier HCO fraction of the feed, and it is formed within contact
imes lower than 1 s, i.e., inlet of the riser [53].ironmental 182 (2016) 336–346
Coke deposited on the cracking of the RBO is relatively less
condensed, lighter, more aliphatic and oxygenated respect to that
deposited on the cracking of VGO. Coke precursors in the RBO
are chemically different from these of the VGO. Nevertheless, the
harsh conditions employed in the FCC unit enable to evolve the
coke in a way  that homogenize its composition, independently of
the pathway taken, towards the formation of graphitic aromatic
nanostructures on the meso and macropores of the catalyst, with
compositional differences according to the feed used. In the crack-
ing of RBO much more soluble coke is formed, 72 wt% of which
are oxygenates and 28 wt% are aromatic hydrocarbons. Moreover,
insoluble coke is lighter, less aggregated and posses C O bounds
in the structure. As it happens again, meso and macropores of the
catalytic matrix are useful for acting as deposit-places of insoluble
coke. Soluble coke seems to play a less important role in catalytic
deactivation as the steady conversion (after 1.5 s) of RBO is very
high, but when the reactions stops is an apparent deteriorating
agent of the catalyst. Coke deposited on the RBO spent catalyst has
higher H/C ratio (0.29) compared to VGO (0.14), and could be inter-
preted in some cases as the explanation of a lower deactivation
caused by the bio-oil [54]. However, our results point to the higher
deposition of coke due to the presence of oxygenates [33,55].
On the other side, the coke content of the RBO spent catalyst
(1.12 wt%) is higher than that for the cracking of VGO  (0.91 wt%)
(Table 6), what is tolerable for the regeneration section of the FCC
[56–58]. Coke deposited on the mixture blend (MIX) is in terms
of composition halfway between these of the pure feeds (VGO
and RBO) with higher similarity to that of VGO due to the higher
proportion of it in MIX  (80 wt%). The amount and composition of
soluble coke formed with MIX  is also predictable accounting its
constituents. The composition of insoluble coke deposited in the
cracking of MIX  is similar to that of the VGO but its amount is lower,
what we  have explained in terms of the presence of steam from
the RBO (containing 46 wt% of water). Steam acts as an inhibitor of
insoluble coke formation due to the stripping effect of coke precur-
sors and the competitive adsorption of steam and hydrocarbons
on the acid sites, attenuating condensation reactions. The strip-
ping is favored in the commercial FCC catalyst, with a hierarchical
pore structure where the agglomerated HY zeolite contributes with
micropores and the matrix (binder and ﬁller) material contributes
with meso and macropores. The matrix material provides with sev-
eral beneﬁts and in terms of deactivation it only retains the less
volatile coke fraction (I coke) and enables coke precursors to escape
from the catalytic pore system. During the cracking of MIX, both
pathways of coke formation from hydrocarbons and oxygenates
participate. Considering the fact that I coke is associated to more
developed or graphitic type of carbonaceous residue, whose loca-
tion lays on the meso and macropores of the FCC catalytic matrix,
the I/S ratio shown in Table 6 demonstrates that the coke deposited
on the VGO spent catalyst is located along the meso and macrop-
ores whereas that deposited on the RBO spent catalyst has a higher
contribution of the coke located inside the micropores.
The results presented here enable to establish important
synergies between the mechanisms of cracking-deactivation of
hydrocarbons and oxygenates with competing adsorption of
species on the acid sites (related to soluble coke). The predomi-
nant deposition pathway is that of heavy hydrocarbons present in
the VGO fraction. The parallel hydride transfer reaction from hydro-
carbons to oxygenates helps inhibiting the formation of coke from
bio-oil oxygenates [59], and additionally, steam coming from RBO
helps inhibiting the formation of insoluble coke from of the VGO.
The predominance of the condensation reactions of bio-oil phe-has been proved before [51]. However, this predominance depends
on the reaction conditions, particularly temperature. This explains
the divergence of results in terms of catalyst deactivation when
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io-oil is present in the FCC unit, in general enhancing such deac-
ivation [33,55]. Nevertheless, at temperatures higher than 500
C the cracking of coke precursors or oligomers is quite effective
60], contributing to attenuate the oxygenate deactivation path-
ay. Besides, our results also show good perspectives of co-feeding
io-oil (in a moderate content in the feed) together with VGO in the
CC unit, and this does not cause additional problems in terms of
atalyst deactivation. Indeed, steam contained in the RBO attenu-
tes catalyst deactivation by means of stripping of coke precursors
r competitive adsorption of these with steam, and this effect is
ore important than the cracking rate attenuation.
. Conclusions
There are two mechanism of catalyst deactivation when co-
eeding RBO and VGO, one of RBO yielding soluble and insoluble
oke with relatively high proportion of H and O, the other one
nvolves the deposition of coke with much higher aromaticity,
ormed through condensation of heavy molecules in the VGO in the
eso and macropores of the catalyst. In both cases, coke deposited
utside the zeolite blocks the accessibility of reactants to the acid
ites. The existence of these mechanisms in the cracking of the
lend creates synergetic effects with lower coke deposition com-
ared with their constituents (VGO or RBO), what we  interpreted
ue to the presence of steam in the RBO, that signiﬁcantly decrease
GO coke deposition path. At the same time, VGO hydrocarbons
ct as hydrogen donors to RBO oxygenates, inhibiting the RBO coke
eactivation path.
Coke deposited on the cracking of VGO is more aromatic, heav-
er, less soluble in CH2Cl2 and with bigger and highly ordered
arbonaceous domains. Coke deposited in the cracking of RBO is
ore hydrogenated, oxygenated, lighter, more soluble in CH2Cl2
nd with smaller highly-disordered carbonaceous domains. Coke
eposited on the cracking of the blend has an intermediate compo-
ition between their components but its amount of insoluble coke
s lower and has similar composition of that of the VGO spent cat-
lyst, what has been rationalized as a lower deposition of the VGO
eavy aromatics due to the presence of steam (from the RBO frac-
ion). The relatively high temperature employed in the FCC unit,
omogenizes the composition of coke despite the dominant VGO
r RBO deactivation pathway.
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